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The functional relevance and the evolution of
two parallel mRNA splicing systems in eukary-
otes—a major and minor spliceosome that dif-
fer in abundance and splicing rate—are poorly
understood. We report here that partially spliced
pre-mRNAs containing minor-class introns un-
dergo nuclear export and that minor-class
snRNAs are predominantly cytoplasmic in verte-
brates. Cytoplasmic interference with the minor
spliceosome further indicated its functional seg-
regation from the nucleus. In keeping with this,
minor splicing was only weakly affected during
mitosis. By selectively interfering with snRNA
function in zebrafish development and in mam-
malian cells, we revealed a conserved role for
minor splicing in cell-cycle progression. We ar-
gue that the segregation of the splicing systems
allows for processing of partially unspliced cyto-
plasmic transcripts, emerging as a result of
different splicing rates. The segregation offers
a mechanism accounting for spliceosome evo-
lution in a single lineage and provides a means
for nucleus-independent control of gene expres-
sion.
INTRODUCTION
The development of the intron-exon structure of eukary-
otic genes permitted the expansion of the coding capacity
of genomes during evolution. A key property was the abil-
ity to splice pre-mRNA transcripts in various ways (Kim
et al., 2004, 2007)—a reaction mediated by complex ma-
chineries composed of small nuclear (sn)RNAs and pro-
teins, the spliceosomes (Jurica and Moore, 2003; Maniatis
and Tasic, 2002). In animals and plants, it was discovered
that in addition to the classical and highly expressed major
(or U2-type) spliceosome a second, minor (or U12-type)718 Cell 131, 718–729, November 16, 2007 ª2007 Elsevier Incsplicing system exists (Patel and Steitz, 2003; Will and
Luhrmann, 2005). Recent findings in distantly related uni-
cellular eukaryotes suggest an early evolutionary origin for
this minor spliceosome (Russell et al., 2006). The minor
splicing system targets a rare class of introns (U12-type
or minor-class introns), carrying distinct and highly con-
served 50 splice-site and branch-point sequences (Hall
and Padgett, 1994, 1996; Tarn and Steitz, 1996a). The mi-
nor spliceosome shares most proteins with its major coun-
terpart (Will et al., 1999) but is about 100-fold less abun-
dant (Montzka and Steitz, 1988; Tarn and Steitz, 1996b).
Moreover, it shows a considerably lower rate of splicing
(Patel et al., 2002; Pessa et al., 2006). In addition to the
common U5 snRNA, the minor spliceosome contains dis-
tinct snRNAs (U11, U12, U4atac, and U6atac), which func-
tionally correspond to the U1, U2, U4, and U6 snRNAs of
the classical major spliceosome (Patel and Steitz, 2003;
Will and Luhrmann, 2005). Flies homozygous for insertions
in the U12 and U6atac snRNA genes die during embryonic
and third instar larval stages, respectively (Otake et al.,
2002); and the putative downregulation of U11/U12-
specific proteins was shown to affect cell viability in
HeLa cells (Will et al., 2004). The causes of the lethal phe-
notypes, however, have not been identified.
Minor-class introns seem to be most prevalent in hu-
mans and other vertebrates, here representing 0.15%–
0.34% of all introns (Burge et al., 1998; Levine and Durbin,
2001). Among the groups for which full sequence informa-
tion is available, such introns and minor spliceosomal
components were not found in yeast (Burge et al., 1998)
and in the nematodes C. elegans and C. briggsae (Alioto,
2007; Burge et al., 1998; Stein et al., 2003). The functional
relevance of two parallel splicing systems and how they
could have evolved remain basic, unanswered questions.
Given that minor-class introns can be converted to ma-
jor-class ones during evolution (Burge et al., 1998), the
marked evolutionary conservation of a small proportion
of minor-class introns suggests that the minor splicing
system is associated with unique properties, underlying
its function in higher eukaryotes.
To shed light on these putative properties, we analyzed
the function of the minor splicing machinery in zebrafish.
development and in mammalian cells. Our findings indi-
cate the surprising cytoplasmic segregation of the minor
splicing system and an essential role for this system in
cell proliferation of vertebrates. The decoupling from the
classic nuclear splicing compartment seems associated
with the escape of the system from mitotic downregula-
tion. It may thus link minor splicing to the cell-division
cycle. Accompanied by such new properties, the cyto-
plasmic segregation may also account for the amazing
evolutionary conservation of this low-abundant, parallel
splicing system.
RESULTS
Distinct Subcellular Localization
of Minor- and Major-Class snRNAs
To explore whether the two splicing machineries could be
differentially distributed on the organismal level in verte-
brates, we initially analyzed the expression of their com-
ponent snRNAs in various zebrafish tissues and devel-
opmental stages. We performed in situ hybridization
experiments on whole-mount embryos as well as on sag-
ittal sections of adult zebrafish. To be able to detect the
very low-abundant minor-class snRNAs, we employed
locked nucleic acid (LNA)-modified DNA-oligonucleotide
probes, which show a high thermal stability and hybridiza-
tion affinity, allowing the sensitive and specific detection
of small RNAs (Kloosterman et al., 2006; Wienholds
et al., 2005). We could not detect differences in tissue dis-
tribution between the major (U2 and U5) and the minor
spliceosomal snRNAs (U12, U6atac, and U5) examined
(data not shown). To our surprise, however, there was
a striking difference in the subcellular localization of the
snRNA species. As expected from previous reports on
the localization of major spliceosomal snRNAs in human
cell lines (Carmo-Fonseca et al., 1991; Huang and Spec-
tor, 1992), a probe for U2 snRNA resulted in strong nuclear
staining in sections of different zebrafish tissues (Fig-
ure 1A). In contrast, the probes for the minor-class
snRNAs U12 and U6atac showed marked perinuclear
and cytoplasmic staining, and no or very weak nuclear
staining, in all tissues analyzed (Figure 1A). The introduc-
tion of mismatches into the LNA probes served as a control
and resulted in a marked reduction in the staining (see Fig-
ure 1A, right panels), indicating specific hybridization of
the snRNA probes. The differences in localization patterns
of major- and minor-class snRNAs were also observed
in whole-mount zebrafish embryos at very early stage
(sphere stage, 3.5–4 hr post fertilization, hpf), and at
24 hpf in all tissues examined (data not shown, and Fig-
ure 1B). Thus, the results in zebrafish embryos and adults
indicate that the predominantly extranuclear localization
pattern is a general feature of the minor-class snRNAs.
To test whether the difference in subcellular localization
of snRNAs is also evident in mammalian cells, we per-
formed in situ hybridization experiments in primary human
fibroblasts and in murine NIH 3T3 cells followed by confo-
cal fluorescence microscopy. As shown for NIH 3T3 cellsCin Figure 1C, we could detect nucleoplasmic staining for
the major-class U2 snRNA (with somewhat brighter stain-
ing in a few foci), as confirmed by the merge with the
DRAQ5 DNA counterstaining. The probes for the minor-
spliceosome-specific U12 and U6atac snRNAs showed
an extremely low nucleoplasmic signal but clear staining
around the nucleoplasm and in the cytoplasm (Figure 1C;
this staining pattern was present in all cells). In contrast,
hybridization signals of mismatch-containing probes
were barely detectable (see Figure S1 in the Supplemental
Data available with this article online). U5 snRNA, which is
common to both spliceosomes, showed both nucleo-
plasmic and cytoplasmic staining (Figure 1C). Thus, we
conclude that the distinct snRNA staining patterns reflect
a difference in the localization of major and minor spliceo-
somes or spliceosome assembly stages.
Consistently, we also observed a difference in subcellu-
lar snRNA localization upon nuclear-cytoplasmic fraction-
ation of the cells. We encountered the vast majority of U2
snRNA in the nuclear fraction, while U6atac snRNA was
similarly abundant in the nuclear and cytoplasmic frac-
tions (Figure 1D, lanes 1 and 2). The higher proportion of
nuclear U6atac snRNA compared with that predicted by
the in situ studies is likely to be explained by its asso-
ciation with outer nuclear/perinuclear structures, which
would copurify with the ‘‘nuclear’’ fraction. The U2 snRNA
distribution and the fact that cytoplasmic snRNA levels did
not increase with longer times of membrane lysis (lanes
3–6) suggest that the high U6atac snRNA levels in the
cytoplasm are not caused by nuclear leakage.
Thus, both the in situ hybridization and cell-fractionation
experiments point to a distinct subcellular localization of
snRNAs specific for the two splicing systems. Minor
snRNAs appear to be enriched in the cytoplasm, whereas
their major-class counterparts are mainly nucleoplasmic.
Transcripts with Unspliced Minor Introns Leave
the Nucleus
Does the distinct snRNA localization pattern reflect a sub-
cellular separation of the two splicing systems? If minor-
class splicing were to occur mainly outside the nucleus,
one would have to postulate that transcripts containing
unspliced (mostly single) minor-class introns can leave
the nucleus. Furthermore, inhibition of minor-class splic-
ing should result in accumulation of such transcripts in
the cytoplasm. We tested nuclear and cytoplasmic
fractions of NIH 3T3 cells for transcripts of the nucleolar
proliferation-associated antigen P120 (Hall and Padgett,
1996) for the presence of one of its major-class introns
(intron G) or for the single minor-class intron (intron F).
We detected only a minor proportion of RNA containing
the major-class intron G in the nuclear fraction by RT-
PCR (Figure 2A, lower panel, lanes 1, 3, and 5), consistent
with rapid major-class splicing (Patel et al., 2002) in the nu-
cleus. No such transcripts were detected in the cytoplas-
mic fraction (lanes 2, 4, and 6), suggesting that no intron
G-containing RNA reached the cytoplasm. In contrast,
and as expected by the lack of nuclear splicing and/orell 131, 718–729, November 16, 2007 ª2007 Elsevier Inc. 719
Figure 1. Distinct Subcellular Localization of Minor- and Major-Class snRNAs
(A) In situ hybridization of paraffin-embedded tissue sections from adult zebrafish with LNA probes for U2, U12, and U6atac snRNAs. Control hybrid-
izations with mismatch (mm) probes for U12 and U6atac snRNA are shown on the right. Hybridization of digoxygenin (DIG)-labeled LNA probes was
detected by an anti-DIG antibody coupled to alkaline phosphatase and NBT/BCIP staining. Arrows point at nuclear (U2) or perinuclear and cytoplas-
mic staining (U12, U6atac).
(B) In situ hybridization of whole-mount zebrafish embryos (24 hpf) using DIG-labeled LNA probes for U2 and U6atac snRNAs, or a 5 mismatch (mm)
probe for U6atac snRNA. Arrowheads indicate the center of nuclei. Arrows point to cytoplasmic staining (U6atac). Scale bar indicates 25 mm.
(C) Fluorescence in situ hybridization of NIH 3T3 mouse fibroblasts using LNA probes for the snRNAs indicated, visualized by confocal fluorescence
microscopy. Nuclear/DNA counterstaining was performed with DRAQ5. Scale bar indicates 20 mm.
(D) Detection of U2 and U6atac snRNA upon nuclear-cytoplasmic fractionation of NIH 3T3 cells. Nuclear (n) and cytoplasmic (c) fractions were
obtained by differential lysis of plasma and nuclear membranes by nonionic detergents for the times indicated. Total RNA from the fractions was
reverse transcribed and analyzed by RT-PCR. RT corresponds to RT-PCR reaction lacking reverse transcriptase. Amplification reactions were
not in plateau phase as verified by different numbers of PCR cycles.the lower rate of minor splicing (Patel et al., 2002; Pessa
et al., 2006), the proportion of transcripts containing the
minor-class intron F was much higher in the nuclear frac-
tion, indeed equivalent to the levels of spliced RNA
(Figure 2A, upper panel, lanes 1, 3, and 5). Given the likely
presence of material derived from outer nuclear structures
in the nuclear fractions (see U6atac data, Figures 1C and720 Cell 131, 718–729, November 16, 2007 ª2007 Elsevier Inc1D), spliced RNA may be overrepresented therein. Most
importantly, RNA containing the minor-class intron F
was detectable in the cytoplasmic fraction (Figure 2A, up-
per panel, lanes 2, 4, and 6). This seems not to be caused
by nuclear leakage during cell fractionation, since major-
intron containing RNA is not detectable, even at higher
amplification levels (Figure 2A, lower panel, lanes 9 and.
Figure 2. Transcripts Containing Minor Introns Leave the Nucleus, and the Minor Spliceosome Acts in the Cytoplasm
(A) Distribution of major- and minor-class intron-containing transcripts after nucleo-cytoplasmic fractionation of NIH 3T3 cells. Nuclear (n) and cyto-
plasmic (c) fractions were obtained as described in the legend to Figure 1D. Splicing of U2-dependent intron G and the U12-dependent intron F in
endogenous P120 pre-mRNA was monitored by RT-PCR using primers as indicated in the scheme (open/gray boxes, exons; lines, introns; arrows,
primers). The number of amplification cycles performed is indicated on top. In lanes 9 and 10, 36 cycles were performed. Lanes 7 and 8 correspond to
RT-PCR reactions lacking reverse transcriptase. Splicing products are diagrammed on the right (exons, open boxes; introns, lines). M, 100 base pair
(bp) DNA ladder; lowest band is 100 bp.
(B) Nucleo-cytoplasmic distribution of transcripts from several genes with minor introns upon transfection of NIH 3T3 cells with either a control (cMO)
or an antisense-U6atac morpholino oligomer (U6atacMO). RT-PCR analysis of splicing of the single minor-class intron (U12) and of one of the major-
class introns (U2) are shown. P120, nucleolar proliferation-associated antigen P120 (U12, intron 6-7; U2, intron 7-8); adprt, poly-ADP-ribosyl trans-
ferase (U12, intron 22-23; U2, intron 21-22); and e2f1, E2F1 transcription factor (U12, intron 4-5; U2, intron 2-3). Primers hybridized in the upstream
and downstream exons, respectively. For e2f1, an additional intronic forward primer was used. Symbols are as in (A).
(C) Confocal fluorescence microscopy of living NIH 3T3 cells transfected with a fluorescein-modified antisense-U6atac morpholino (0.25 nmol)
conjugated to either a wild-type NES peptide (NES-U6atac-FL) or a mutated, inactive NES peptide (mNES-U6atac-FL). DNA counterstaining was
performed by DRAQ5.
(D) Real-time quantitative RT-PCR analysis of intron F splicing from endogenous P120 pre-mRNA. NIH 3T3 cells were mock transfected or transfected
with a U6atac morpholino oligomer (0.25 nmol) conjugated to either the wild-type NES peptide (NES-U6atac) or the mutated NES peptide (mNES-
U6atac). RNA was prepared 4 hr after transfection, and relative expression levels of spliced and unspliced RNA were determined. Values in the graph
are expressed as relative percentage of unspliced RNA (set to 100% in transfections without morpholino conjugate). Error bars indicate standard
deviations from three independent transfections.10). Furthermore, selective inhibition of minor-class splic-
ing resulted in accumulation of partially spliced transcripts
containing minor-class introns in the cytoplasmic fraction,
as shown for several genes in Figure 2B (compare lanes 4
and 6). Suppression of minor splicing was achieved by in-
terfering with the function of U6atac snRNA upon trans-
fection of an antisense-morpholino oligomer into the cells
(Matter and Konig, 2005). This approach inhibits removal
of the single minor-class (U12-type) intron, leaving splic-
ing of major-class (U2-type) introns (only one is shown)
unaffected (Figure 2B). Taken together, these findings
suggest that transcripts with single unspliced minor-classCintrons reach high steady-state levels in the nucleus and
are exported to the cytoplasm.
The Minor Splicing Machinery Acts outside
the Nucleus
To test more directly whether minor-class splicing could
occur outside the nucleus in vivo, we wished to restrain
an inhibiting U6atac morpholino oligomer in the cyto-
plasm. Because the concentration of morpholinos usually
appears to be higher in the nucleus than in the cytoplasm
(Summerton, 1999), we conjugated the U6atac morpho-
lino to a nuclear-export-sequence (NES) peptide fromell 131, 718–729, November 16, 2007 ª2007 Elsevier Inc. 721
Figure 3. Minor Splicing Evades Mitotic Downregulation
(A) Scheme of the P120 pre-mRNA region analyzed for splicing (boxes, exons; lines, introns; arrows, primers).
(B) Flow cytometry analysis of cell DNA content from NIH 3T3 cells that grew asynchronously (cycling cells) or were arrested in mitosis by nocodazole
treatment.
(C) RT-PCR analysis of U2-type (introns E and G) and U12-type (intron F) splicing of transfected, in-vitro-transcribed P120 minigene pre-mRNA
(capped and polyadenylated) in mitotic cells, after the times indicated. For primer positions, see (A). RT corresponds to RT-PCR reaction lacking
reverse transcriptase. Correct splicing was verified by sequencing.
(D) Analysis of splicing of endogenous P120 pre-mRNA in cycling (label C) and mitotically arrested cells (label M). Relative expression levels of mRNA
spliced for the major class introns (In) G and E and for the minor-class intron F were measured by real-time quantitative RT-PCR. Values represent the
mean of two experiments and are expressed as relative percentage of unspliced RNA (set to 100% in cycling cells).the HIV Rev protein. The NES peptide has previously been
shown to successfully export oligodeoxynucleotides to
the cytoplasm (Meunier et al., 1999). We initially demon-
strated that the NES peptide can localize the morpholino
conjugate to the cytoplasm in living NIH 3T3 cells,
whereas the same morpholino conjugated to a mutant,
nonactive NES peptide appears to be enriched in the nu-
cleus (Figure 2C). Proper cytoplasmic localization re-
quired transfection of low conjugate concentrations to
avoid overloading of the nuclear export system (data not
shown; Meunier et al., 1999). Moreover, we wished to
monitor inhibition of splicing after short time periods (2–
4 hr), thus minimizing peptide degradation (Nelson et al.,
2005). To be able to monitor changes in minor-class splic-
ing under these conditions, we employed real-time quan-
titative RT-PCR. If the minor splicing system were to act in
the cytoplasm, one should expect splicing inhibition by the
cytoplasmic NES-morpholino conjugate. Furthermore, the
inhibition could be even more effective than that of the mu-
tant conjugate, which may inhibit splicing only by binding
to the newly synthesized U6atac snRNA in the nucleus
(before it is exported) and/or by its small cytoplasmic frac-
tion. At a concentration resulting in mainly cytoplasmic lo-
calization, the NES-morpholino conjugate (NES) interfered
with intron F splicing from endogenous P120 pre-mRNA
(Figure 2D; see the increase in the proportion of unspliced
RNA). Furthermore, it did so more efficiently as compared
to the mutated conjugate (mNES, Figure 2D), enriched in
the nucleus (compare Figure 2C). Similar results were ob-
tained for splicing from a transfected P120 minigene con-
struct (data not shown). These data indicate a function for
U6atac snRNA in minor-class splicing in the cytoplasm
and suggest the physical separation of the minor splicing
system from the nuclear major one in vivo.722 Cell 131, 718–729, November 16, 2007 ª2007 Elsevier IncThe Minor Spliceosome Is Active during Mitosis
We reasoned that the cytoplasmic segregation of the
minor system could result in its uncoupling from nuclear
processes, like transcription (Maniatis and Reed, 2002),
and that the system might be functional during mitosis
(M) phase of the cell-division cycle when the nucleus un-
dergoes reorganization. In vitro splicing reactions with
extracts from mitotic cells suggested inhibition of major-
class splicing when cells are arrested in mitosis by noco-
dazole treatment (Shin and Manley, 2002). Whether such
inhibition occurs in vivo has, however, not been reported.
To test for potential differences between the two splic-
ing systems under these conditions, we transfected an
in vitro-synthesized human P120 transcript (see scheme
in Figure 3A) into mouse NIH 3T3 cells arrested in mitosis
(Figure 3B). We could not detect splicing of the major-
class introns (introns E and G) from the transfected tran-
script (Figure 3C, lanes 2–4). In contrast, correct excision
of the minor-class intron (intron F) was readily detectable
(Figure 3C, upper panel, lanes 2–4) and was verified by se-
quencing. The relatively low proportion of spliced RNA
is likely related to the fact that the low-abundant minor-
spliceosome components are saturated by high levels of
exogenous RNA (Pessa et al., 2006). We wished to test
whether this result reflects a differential activity of the
two systems in mitotic cells or a difference in their ability
for posttranscriptional splicing. Therefore, we also trans-
fected the pre-mRNA substrate into asynchronously
growing (cycling) cells. We could detect splicing of the mi-
nor-class intron, but no major-class splicing (Figure S2).
However, the transfection resulted in cytoplasmic locali-
zation of the pre-mRNA (Figure S2). Thus, this result
may be attributed to the cytoplasmic localization of
the pre-mRNA rather than the inability of the major.
spliceosome to splice already synthesized pre-mRNA.
Therefore, we analyzed major and minor class splicing of
endogenous P120 pre-mRNA by real-time quantitative
RT-PCR in cycling cells and in cells arrested in M phase
(see Figure 3B). As shown in Figure 3D, the percentage
in the mitotic cells of P120 transcripts with unspliced ma-
jor-class introns G and E was increased up to 2-fold when
compared to cycling cells, pointing to mitotic downregula-
tion of major splicing. In contrast, we found the proportion
of mRNA containing the minor-class intron F almost un-
changed (Figure 3D). Taken together, the results of the dif-
ferent approaches support the notion that the minor splic-
ing system can function independently of transcription
and can evade mitotic downregulation.
Distinct Requirements for the Two Spliceosomes
in Embryonic Development
To address the function of the vertebrate minor-class
splicing system at the organismal level, we developed
a strategy to selectively suppress the two spliceosomes
in developing zebrafish embryos. It is based on the mor-
pholino-mediated approach that we previously developed
in mammalian cell lines (Matter and Konig, 2005; see also
Figure 2B). To target zebrafish minor-class snRNAs and to
check the success of the strategy, we identified the zebra-
fish U12 and U6atac snRNA-encoding sequences by
BLAST search (Figure S3). Furthermore, we screened for
putative U12-type introns in zebrafish genes. In humans,
they were predicted to often occur in larger gene families
and seem to be overrepresented in the Ras-mitogen-acti-
vated protein kinase (MAPK) pathway (Levine and Durbin,
2001). In all the zebrafish orthologs of human genes with
a predicted U12-type intron (Levine and Durbin, 2001)
we examined, we found putative U12-type introns at
homologous positions (Figure S3).
The low number of genes with putative U12-type introns
in humans led us to hypothesize that by blocking the minor
spliceosome we could detect specific cellular and devel-
opmental processes dependent on minor-class splicing.
To test this hypothesis, we first injected fertilized zebrafish
eggs with a morpholino sequence masking the branch-
point recognition sequence of U2 snRNA (Matter and
Konig, 2005) that should inhibit removal of major-class in-
trons. Owing to the poor conservation of U2-type branch
points (Zhuang and Weiner, 1989), the efficiency of inhibi-
tion should, however, vary from intron to intron. The mor-
pholino oligomer interfered with the splicing of U2-type in-
trons of several genes in a dose-dependent manner, to
varying degrees (Figure 4A, lanes 1–3, see different ratios
of unspliced and spliced RNAs represented by upper and
lower bands, respectively). A nonspecific control morpho-
lino sequence (lane 4) and a U12 snRNA-specific morpho-
lino (lane 5), injected at a concentration that blocks U12-
type splicing (see Figure 4A, bottom panel), had no effect,
suggesting selective interference with major-class splic-
ing. The interference with U2-type splicing resulted in a de-
velopmental arrest as soon as 4.5 hpf, i.e., before gastru-
lation. Epiboly, the cell movement process whereby theCblastoderm grows over the yolk cell and completely sur-
rounds it by 9 hpf (Kimmel et al., 1995), was completely
blocked in injected embryos (Figures 4C and 4E). This
phenotype is very similar to that obtained by inhibition of
transcription (Muller et al., 2001) and can be explained
by the need for zygotic transcription, and thus splicing,
at this early time point.
For suppressing U12-type splicing, we injected a mor-
pholino oligomer complementary to the branch-point rec-
ognition element of the minor-class U12 snRNA (Matter
and Konig, 2005). To test its efficacy, we monitored the re-
moval of predicted U12-type introns from several zebra-
fish genes, including three mapk genes (see Figure S3).
The morpholino selectively interfered with U12-type splic-
ing (Figure 4B, lanes 1–3) in a dose-dependent manner
(Figure S4). However, even at higher morpholino concen-
trations, the spliced RNA band was not completely abol-
ished in all the genes we looked at. This phenomenon
may reflect retained maternally inherited spliced RNA
and was similarly observed for morpholino-mediated sup-
pression of U2-type splicing (see Figures 1A and 1B). In
contrast to the results with the U2 morpholino, however,
embryos with suppressed U12-type splicing did not
show any developmental defects during epiboly and early
gastrulation (Figures 4C and 4D). However, during midso-
mitogenesis dark areas appeared in the head region con-
sisting of dissociating large spherical cells (Figures 4G and
4J). The disruption of cell-cell contacts also became ap-
parent later in the tailbud area, and the entire embryo
started to disintegrate around 30 hpf (data not shown
and Tables S1 and S2). The proportion of embryos show-
ing the phenotypic changes was dose dependent (Table
S1). Such changes were not observed after injection of
either a nonrelated control morpholino or a mismatched
U12 morpholino oligomer, even at 10-fold higher con-
centrations (Figure 4F; Tables S1 and S2). The same
phenotypical changes were observed after inhibiting
minor-class splicing through targeting another minor-
spliceosome-specific snRNA, U6atac (Figure 4B, lanes
3–5 and Figure 4H; see also Table S2). Thus, the pheno-
type appears to be caused by inhibition of minor-class
splicing, and not by a nonspecific effect of the U12 mor-
pholino oligomer.
A Conserved Role for the Minor Spliceosome
in Vertebrate Cell Proliferation
The distinct phenotype observed upon suppression of mi-
nor-class splicing resembles zebrafish early-arrest mu-
tants (Kane et al., 1996) isolated in previous large-scale
forward genetics screens. These mutants have been sug-
gested to interfere with cell-cycle progression (Kane et al.,
1996). Therefore, we wished to test the possibility that mi-
nor-class snRNA function is required for cell proliferation,
and so would account for the observed phenotype. We
studied the frequency of cells in DNA-synthesis (S) phase
and in mitosis (M) phase in U12 morpholino ‘‘knockdown’’
embryos and control morpholino-injected embryos, at
stages where the embryos are still morphologicallyell 131, 718–729, November 16, 2007 ª2007 Elsevier Inc. 723
Figure 4. Different Requirements for the
Two Spliceosomes in Embryonic Devel-
opment
(A and B) Inhibition of U2-type (A) and U12-type
(B) splicing in zebrafish embryos upon injection
of antisense morpholinos to snRNAs, analyzed
by RT-PCR from RNA of different genes.mapk3
(erk1), mapk8 (jnk1), and mapk12 (sapk3),
mitogen-activated kinases 3, 8, and 12, re-
spectively; adprt, poly-ADP-ribosyl transfer-
ase; sms, spermine synthase. Embryos were
either left uninjected (No) or were injected with
control (Co) (standard control morpholino at
0.5 mM in [A]; mismatch morpholinos at 0.1
mM in [B]) or with antisense morpholinos to
U2 (0.02, 0.1, and 0.5 mM), U12 (0.01 mM), or
U6atac snRNA (0.1 mM). Total RNA was pre-
pared from 30–40 embryos at 9 hpf (A) and 18
hpf (B). Removal of U2-type (U2) and U12-
type (U12) introns (in) was analyzed by RT-
PCR using primers hybridizing in the upstream
and downstream exons, respectively. For
adprt, an additional intronic forward primer
was used. Splicing products are diagrammed
on the right (exons, open boxes; introns, lines).
M, 100 bp DNA ladder, lowest band is 100 bp.
(C–H) Embryo phenotypes upon injection of
snRNA morpholino antisense oligonucleotides.
Bright field views of groups (top) or representa-
tive individuals (bottom) of injected embryos
are shown at the 75%–90% epiboly stage
(C–E) or at 24 hpf (F–H). Epiboly movement is
arrested in U2 morpholino-injected embryos
(U2MO) as indicated by the accumulation of
blastomeres on the top of the yolk cell (arrow-
heads in [E]) while the blastoderm (indicated by
arrowheads in [C] and [D]) migrates normally
around the yolk cell, Y, in standard control
(cMO) or U12 morpholino (U12MO)-injected
embryos. At 24 hpf, U12 and U6atac morpho-
lino-injected (U6atacMO)embryosshowa com-
parable, arrested phenotype indicated by dark
cells spreading from anterior in the brain toward
the somites (arrowheads in [G] and [H]) while
cMO-injected embryos develop normally (F).
(I and J) Brain areas as depicted in rectangular frames in (F) and (G) are enlarged in (I) and (J). Arrow in (I) indicates the retina on the forebrain of a
normally developing embryo. Dashed line indicates the outline of the retina (r) and the lens (le). Black arrow in (J) points at spherical cells losing
cell-cell contact, white arrow indicates dark areas that contain cells that are rounding up and show an arrested phenotype on the equivalent anterior
region of the embryo as shown in (I). Scale bar indicates 100 mm.indistinguishable. During gastrulation there was no differ-
ence in 2-bromo-deoxyuridine (BrdU) incorporation (a
marker for DNA synthesis) between knockdown and con-
trol embryos (data not shown). No obvious morphological
defects were seen up to somitogenesis stage. For in-
stance, embryonic axis formation and patterning were
not affected until the 1-somite stage as demonstrated by
in situ hybridization analysis of myoD expression (Fig-
ure S5). In contrast, BrdU-positive cells were undetectable
at the 1-somite stage in the U12 morpholino (MO)-injected
embryos, indicating a defect in cell proliferation (Fig-
ure 5A). The frequency of mitotic cells as detected by
phospho-histone H3 staining was unaffected at this stage
but was considerably reduced 1.5 hr later, at the 6–8 so-724 Cell 131, 718–729, November 16, 2007 ª2007 Elsevier Inc.mite stages (Figure 5B). Somitogenesis, however, contin-
ued normally, and only a weak effect on myoD expression
could be detected at the 7 to 8 somite stages (Figure S5).
Thus, suppression of U12-type splicing appears to inhibit
entry into DNA-synthesis (S) phase in zebrafish embryos,
without affecting key developmental programs. Using
TUNEL staining, we revealed that there was no obvious
difference in the number of apoptotic cells between U12
MO- and mismatch MO-injected embryos until the 6–8
somite stages (Figure 5C). However, apoptosis showed
a marked increase 2 hr later in the U12 MO-injected em-
bryos, when the morphologically visible differences be-
came apparent during midsomitogenesis (12–14 somite
stages; Figure 5C). These results point to minor-class
Figure 5. Interference with Minor Spli-
ceosome Function Blocks Cell-Cycle
Progression
(A) BrdU incorporation in mismatch control
morpholino-injected embryos (mm MO, 0.1
mM) and U12 morpholino ‘‘knockdown’’ em-
bryos (U12MO, 0.01 mM). BrdU-incorporating
cells were visualized by staining with an FITC-
conjugated anti-BrdU antibody followed by
fluorescence microscopy (arrows).
(B) Analysis of cells in mitosis (M) phase in em-
bryos injected as in (A) by using anti-phospho-
histone H3/Cy3 fluorescence staining (arrows).
(C) Detection of apoptosis (arrows) in control-
and U12 morpholino-treated embryos by TU-
NEL staining. Numbers above the panels rep-
resent the number of somites in the embryos
as indication of their developmental stages.
Scale bar indicates 100 mm.
(D) Embryos in all panels are shown in lateral
views (anterior to the left) on to the midline at
the level of developing somites, as indicated
in the schematic drawing.
(E) Morpholino-mediated interference with mi-
nor-class splicing inhibits entry into DNA-syn-
thesis (S) phase in human cell lines. Cell-cycle
profiles measured by flow cytometry of MDA-
MB-231 and Hs578T breast cancer cells after
transfection with either a standard control mor-
pholino (cMO) or an antisense-U12 morpholino
(U12MO). Cells were ethanol fixed 24 hr after
transfection, and cellular DNA was stained
with DRAQ5. SubG1 indicates cells with DNA
content < 2n.snRNA function during the cell proliferation that follows
gastrulation. Moreover, they suggest that a block in cell-
cycle progression, followed by an increase in apoptosis,
is the primary effect underlying the morpholino-induced
embryonic phenotype.
Could these embryo results reflect a more general role
of the minor splicing system in cell proliferation? We ex-
plored the effect of interfering with minor spliceosome
function on cell-cycle progression in human cell lines.
Upon U12 morpholino treatment, we observed a decrease
in the proportion of cells in S phase and G2/M phase and
an accumulation of cells in G1 phase, as visualized by flow
cytometry (Figure 5E). These results are consistent with
our findings in zebrafish embryos and point to a conserved
role for minor-class snRNA function in the regulation of cell
proliferation in vertebrates.CDISCUSSION
Given the tiny proportion of minor-class introns, their high
evolutionary conservation together with a sophisticated
parallel splicing system is puzzling. Our data indicate the
cytoplasmic segregation of the minor splicing machinery
and its essential role in the cell-division cycle of vertebrates.
A General Segregation of the Two Splicing
Systems in Vertebrate Cells?
We found a predominantly cytoplasmic staining pattern of
minor-class snRNAs both in zebrafish and in mammalian
cells. Furthermore, the distinct subcelluar localization
pattern was observed in different tissues and stages of
zebrafish ontology. Thus, the enrichment of minor-class
snRNAs in the cytoplasm may be a general feature ofell 131, 718–729, November 16, 2007 ª2007 Elsevier Inc. 725
Figure 6. Why Should the Two Splicing
Systems Be Segregated?
(Top) The lower rate of splicing of minor-class
(U12-type) introns (VU12 < VU2) results in
mRNAs with single, still unspliced U12-type in-
trons. These transcripts leave the nucleus (see
Figure 2), possibly due to the splicing of the
major-class introns in the transcripts and dec-
oration with multiple exon-junction complexes
that can link mRNA to nuclear export. Aberrant
proteins derived from these transcripts (in red)
and/or loss of mRNAs through nonsense-me-
diated decay (NMD) should be deleterious to
the cell. The cytoplasmic segregation of the
minor spliceosome may allow for processing
of partially unspliced cytoplasmic transcripts
(right). (Bottom) Nuclear release of the tran-
scripts should be more severe during cell divi-
sion in cells with open mitosis, due to nuclear
envelope breakdown. A splicing system de-
coupled from the nucleus (and adapted to act
in cytoplasmic conditions; right) may prove ad-
vantageous for these cells (see also text).most, if not all, vertebrate cells. Differences in subcellular
localization of the two splicing systems may have escaped
recognition before due to the lack of appropriate in situ
and in vivo techniques. We used LNA-modified hybridiza-
tion probes (so far used for miRNA detection) to detect the
low-abundant snRNAs of the minor spliceosome in situ.
Our approach of directing morpholino-mediated interfer-
ence to analyze subcellularly restricted events in living
cells, in addition, permitted us to detect the functional
segregation of the splicing systems. Taken together, the
results in two distantly related vertebrate classes demon-
strate that the cytoplasmic segregation of the minor splic-
ing machinery is evolutionarily conserved and suggest
that it is a pivotal aspect of minor splicing function.
The Role of Minor Splicing
Minor-class introns have been conserved in a variety of
genes and gene families implicated in different physiolog-
ical processes. A large proportion encode proteins in-
volved in cellular information processing (Burge et al.,
1998; Levine and Durbin, 2001). These include proteins
implicated in DNA replication and repair, transcription,
RNA processing, translation, and signal transduction.
Thus, the role in cell proliferation revealed here may not
be the only important function of the minor splicing sys-
tem. Its discovery may rather reflect the test system cho-
sen, with the pivotal role of cell proliferation during early
development. Whether the cytoplasmic segregation of
the minor splicing system is required for the cellular effects
observed in development remains a question for future
studies. It can currently not be answered by our directed
morpholino-conjugate strategy (due to the limitation of
its application to rather low conjugate concentrations).726 Cell 131, 718–729, November 16, 2007 ª2007 Elsevier Inc.The effect on cell proliferation could be caused by loss
of function of a single or of several minor spliced mRNAs.
There are a variety of genes with minor-class introns that
have been implicated directly or indirectly in cell-cycle
control, like the E2F transcription factors or the MAP
kinases. Finally, the question of the gene(s) causing the
phenotype can only be answered by a screening ap-
proach, involving the300 zebrafish genes with predicted
minor-class introns (Alioto, 2007).
How could minor splicing affect the expression of
mRNAs involved in cell-cycle control? The dependency
of cell proliferation on U12-type splicing might simply re-
flect the necessity to remove minor-class introns from cer-
tain transcripts (see above), so that they can be success-
fully translated. However, the low splicing rate of the minor
splicing system (Patel et al., 2002) and its decoupling from
the nucleus shown here may in addition imply some regu-
latory functions. Conceivably, minor splicing could control
the level of mature transcripts and/or translation when
transcription or major splicing are downregulated during
mitosis (Parsons and Spencer, 1997; Shin and Manley,
2002). Our finding that minor splicing appears only slightly
affected in mitotic cells would be compatible with this pos-
sibility. It might thus ensure that essential components are
available for the cell to proceed through the following G1
phase. However, the removal of minor introns could also
act as a regulatory step during other cell-cycle phases,
e.g., in response to proliferative signals.
Why Should the Two Splicing Systems
Be Segregated?
The lower splicing rate of the minor splicing system results
in significant levels of mRNAs with single, still unspliced
(minor-class) introns (Patel et al., 2002; see also Figures
2A and 2B). We have shown here that such transcripts
leave the nucleus. They may be linked to the nuclear ex-
port machinery by having undergone splicing of several
major-class introns (Maniatis and Reed, 2002). As a result,
aberrant proteins arising by their translation in the cyto-
plasm, or the loss of these mRNAs through nonsense-
mediated decay (Conti and Izaurralde, 2005), could be
deleterious to the cell. The cytoplasmic segregation of
the slower, minor splicing system could allow for process-
ing of these partially unspliced cytoplasmic transcripts
(see model in Figure 6).
The uncoupling of the minor splicing system from the nu-
cleus may have been particularly advantageous for cells
with open mitosis. Due to nuclear envelope breakdown,
the release of partially unspliced transcripts into the cyto-
plasm should be especially severe when they divide (see
Figure 6). Furthermore, upon cytoplasmic segregation mi-
nor splicing may have become available to control the fate
(e.g., splicing versus degradation; expression or distribu-
tion) of certain transcripts—not necessarily proliferation-
associated ones—during cell division, in the absence of
a functional nucleus. Interestingly, eukaryotes in which
the minor splicing system has been lost (Alioto, 2007;
Burge et al., 1998; Russell et al., 2006) show either no nu-
clear envelope breakdown (closed mitosis in yeastsS. cer-
evisiae and S. pombe) or an unusually late one (during ana-
phase, in the nematode C. elegans; Lee et al., 2000).
Implications for Spliceosome Evolution
The cytoplasmic segregation of a primordial minor splic-
ing system may have been a key to the evolution of two
independent splicing machineries. The prevailing model
for a homologous origin of the two spliceosomes (‘‘fis-
sion-fusion model’’) proposes that the descendants of
one ancestral spliceosome evolved in two distinct line-
ages, followed by a merging of their genetic materials
(Burge et al., 1998). As a major limitation to this model,
a high degree of overall genomic divergence—expected
from a speciation period that led to independent spliceo-
somes—should have prevented a stable fusion (Lynch
and Richardson, 2002). The subcellular segregation of
the (primordial) splicing systems may provide a mecha-
nism to explain evolution of the two spliceosomes from
a common ancestral machinery in a single lineage, thus
avoiding the issue of overall genomic divergence. In a
possible nonhomologous origin of the spliceosomes by
convergent evolution, subcellular separation could have
contributed to prevent crosstalk between two invading
group II intron systems (Burge et al., 1998; Lynch and
Richardson, 2002; Will et al., 1999). Concomitantly, a com-
mon pool of cellular proteins acting as a guiding force to
shape similar snRNA structures (Lynch and Richardson,
2002; Will et al., 1999) could have been preserved.
Extranuclear Splicing and Future Aspects
An interesting future aspect to study will be whether minor
splicing is important for regulation of gene expression inCprocesses other than cell proliferation. Furthermore, ex-
ploring how minor splicing affects the fate of transcripts
could reveal new mechanisms for the control of gene
expression and cell function.
Intriguingly, splicing activity was recently found in iso-
lated rat neuronal dendrites (Glanzer et al., 2005) and sig-
nal-dependent splicing was detected in human anucleate
platelets (Denis et al., 2005), suggesting the use of nonnu-
clear splicing for gene regulation in these highly special-
ized cell types. Here, we have documented widespread
localization of the minor splicing system outside the nu-
cleus, suggesting that extranuclear splicing is a far more
general process. It could thus be one of the hitherto elu-
sive properties of the minor splicing system, which may
explain its importance for metazoan development (Otake
et al., 2002; this study) and its marked evolutionary con-
servation (Burge et al., 1998; Russell et al., 2006).
EXPERIMENTAL PROCEDURES
For primer and probe sequences, see the Supplemental Data.
Morpholinos and Morpholino Injections
Morpholinos were obtained from Gene Tools and were dissolved in
water at concentrations of 0.5–1 mM. For injections, they were further
diluted to 0.002–0.5 mM in water. Morpholinos were microinjected in
a volume of 0.5–1 nl into pronase-dechorionated zebrafish fertilized
embryos at the one-cell stage.
RT-PCR Analysis of Splicing from Zebrafish Embryos
Total RNA was prepared using guanidinium isothiocyanate/phenol
(RNAPure, Peqlab), and 0.6–0.8 mg of DNase-treated RNA were re-
verse transcribed by oligo-d(T)15 priming and MMLV-RNase-H minus
reverse transcriptase. Thirty-eight PCR cycles were performed to
monitor splicing of SAPK3, MAPK3, MAPK8, and SMS pre-mRNAs;
33 cycles were performed for ADPRT pre-mRNA. Each cycle con-
sisted of incubations at 95C for 1 min, 58C for 1 min, and 72C for
1.5 min. Amplification products were resolved by agarose gel electro-
phoresis and visualized by ethidium bromide staining.
Analysis of Cell-Cycle Progression and Apoptosis
For BrdU incorporation, dechorionated embryos were incubated in
10 mM BrdU in Hank’s solution/15% DMSO on ice water for 20 min.
After rinsing, embryos were incubated at 28C for 15 min and fixed
in PBS/4% paraformaldehyde. Incorporated BrdU was detected with
a fluorescein-conjugated anti-BrdU antibody (Roche) and fluores-
cence microscopy. Phospho-histone H3 staining employed a rabbit
anti-phospho-histone H3 (Ser28) serum (Upstate) and sheep anti-rab-
bit immunoglobulins conjugated to Cy3 (Jackson ImmunoResearch),
followed by fluorescence microscopy. TUNEL assays were performed
with digoxygenin (DIG)-labeled dUTP and sheep anti-DIG-alkaline
phosphatase Fab fragments (Roche) followed by NBT/BCIP staining.
For flow cytometry, cells were fixed with ethanol and cellular DNA
was stained with DRAQ5. DNA content was determined with a Becton
Dickinson FACScan flow cytometer.
Cell Culture and Transfections
NIH 3T3 cells (ECACC CB2435) were grown in DMEM containing 10%
donor bovine serum (GIBCO BRL) and 2 mM glutamine; MDA-MB-231
cells in L15 medium supplemented with 10% fetal bovine serum
(PAA) and 2 mM glutamine; and Hs578T cells in DMEM supplemented
with 10% fetal bovine serum (PAA), 4 mM glutamine, and 0.01 mg/ml
insulin. All media contained in addition 100 Uml1 penicillin and
100 mgml1 streptomycin. Morpholino transfections were performedell 131, 718–729, November 16, 2007 ª2007 Elsevier Inc. 727
by electroporation in PBS/2 mM b-mercaptoethanol as described pre-
viously (Matter and Konig, 2005). For pre-mRNA transfections, 5–10 mg
of in vitro-transcribed RNA was electroporated. Human P120 exons
5–8 and introns in between (Hall and Padgett, 1996) were cloned into
the pCS2+ expression vector and in vitro transcribed using the
mMESSAGE mMACHINE kit (Ambion) followed by polyadenylation
(PolyA Tailing kit, Ambion). Mitotic arrest of cells was performed by
treatment with 400 ng/ml nocodazole for 15–21 hr.
snRNA In Situ Hybridization
Whole-mount in situ hybridization of zebrafish larvae was performed
with DIG-labeled LNA probes followed by immunological detection
and NBT/BCIP staining as described (Kloosterman et al., 2006). For
in situ hybridization of sections we used paraffin-embedded in toto
sagittal sections of adult female zebrafish (HistoBest) and DIG-labeled
LNA probes, followed by immunological detection and NBT/BCIP
staining. Fluorescence in situ hybridization of NIH 3T3 cells was per-
formed on 4% formaldehyde/5% acetic acid-fixed cells using DIG-la-
beled LNA probes. Hybridization was performed in 50% formamide,
23 SSC, 50 mM sodium phosphate (pH 7), and 10% dextran sulfate,
containing 0.2 mM DIG-labeled LNA probe, at 20C below melting tem-
perature (Tm) of LNA probes for 1 hr. Cells were washed at the same
temperature with 0.13 SSC and with PBS at RT, followed by immuno-
logical detection with an anti-DIG-AP conjugate and the HNPP
(2-hydroxy-3-naphtoic acid-20-phenylanilide phosphate) fluorescent
detection set (Roche). Nuclei were stained by DRAQ5 (Biostatus).
Slides were analyzed with a Zeiss LSM 510 META microscope in trans-
mission mode and in confocal multitracking mode, generating optical
0.7–1.2 mm sections (using a Plan-Apochromat 633/1.4 oil lens). All
probes for snRNAs were LNA-modified oligonucleotide (miRCURY
detection) probes obtained from Exiqon.
RNA Analysis of Nuclear-Cytoplasmic Fractions
RNA from nuclear and cytoplasmic fractions was prepared by differen-
tial lysis of plasma and nuclear cell membranes by nonionic deter-
gents, employing the PARIS kit (Ambion). Trypsinized NIH 3T3 cells
(1.4 3 106) were used according to the manufacturer’s instructions.
DNase-digested RNA (0.6 mg) was reverse transcribed by random-
hexamer priming and MMLV-RNase-H minus reverse transcriptase.
To amplify U2 and U6atac snRNA fragments, we performed 22 and
32 PCR cycles, respectively, each consisting of incubations at 95C
for 1 min, 55C for 1 min, and 72C for 1.5 min. For analyzing P120
intron splicing, annealing temperature was 59C.
Peptide Morpholino Conjugates and Transfections
The NES peptide ALPPLERLTL and its inactive mutant form
ALPPDLRLTL (Meunier et al., 1999) were synthesized (>95% purity)
with an N-terminal cysteine and were obtained from NMI Peptides.
Peptides were conjugated via the bifunctional crosslinker N-[g-malei-
midobutyryloxy]succinimide ester (GMBS; Pierce) to the 50 end of the
antisense-U6atac morpholino sequence, carrying a primary 50-amine
and a 30-carboxyfluorescein (Gene Tools). Conjugations were per-
formed as described (Moulton et al., 2004). Transfection of the peptide
morpholino conjugates was performed by electroporation of NIH 3T3
cells as described (Matter and Konig, 2005) in PBS/2 mM b-mercap-
toethanol at 250 mF and 380V. Conjugate distribution in cells was
analyzed 2 hr after cell plating by confocal fluorescence microscopy
using a Zeiss LSM 510 META microscope as described before. Splic-
ing of intron F from endogenous P120 pre-mRNA was monitored by
measuring spliced and unspliced RNA levels using real-time quantita-
tive RT-PCR.
Real-Time Quantitative RT-PCR Analysis
Total RNA was prepared and reverse transcribed as described before.
Real-time quantitative RT-PCR analysis was performed using the
QuantiFast SYBR green PCR kit (QIAGEN) and an ABI Prism 7000
PCR machine (Applied Biosystems). Unspliced RNAs were amplified728 Cell 131, 718–729, November 16, 2007 ª2007 Elsevier Incby an intronic forward primer and a reverse primer hybridizing in the
downstream exon. For spliced RNAs, an exon-junction forward primer
was used together with the same exonic reverse primer (for primer se-
quences, see the Supplemental Data). Amplification rates of the primer
pairs were equal as determined on the basis of a linear regression
slope of a cDNA dilution row. Fluorescence threshold values were cal-
culated using the ABI Prism 7000 software. Expression levels of
spliced and unspliced RNA were determined relative to ribosomal pro-
tein PO (RibPO) as a reference gene, and relative to each other. When
comparing splicing between cycling and mitotic cells, levels of spliced
and unspliced p120 RNA were determined relative to each other only,
due to the differential downregulation of RibPO and P120 mRNA levels
in mitotic cells.
Supplemental Data
Supplemental Data include five figures, two tables, Supplemental
Experimental Procedures, and Supplemental References and can be
found with this article online at http://www.cell.com/cgi/content/full/
131/4/718/DC1/.
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